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Abstract A human stomach-adenocarcinoma cell line
(MKN-45) was selected for resistance to Adriamycin by
stepwise exposure to increasing concentrations of this
agent. The resulting cell line (MKN/ADR) exhibited a
high level of cross-resistance to topoisomerase I (topo
[T)-targeted drugs such as Adriamycin, mitoxantrone,
and etoposide but showed no cross-resistance to other
chemotherapeutic agents such as cisplatin, carboplatin,
S-fluorouracil, or mitomycin-C. P-glycoprotein encoded
by the mdr-1 gene was not overexpressed in the MKIN/
ADR cell line. The doubling time of the MKN/ADR cell
line (2.1 days) increased only slightly as compared with
that of the MKN cell line (1.7 days). The patterns of
cross-resistance to various chemotherapeutic agents led
us to examine the cellular contents of topo II in both the
drug-sensitive and the drug-resistant cells. Extractable
topo II enzyme activity was 3-fold lower in MKN/ADR
cells as compared with the parental MKN cells. Levels
of topoisomerase I (topo I) catalytic activity were similar
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in both wild-type MKN and drug-resistant MKN/ADR
cells. Southern-blot analysis of genomic DNA probed
with topo Ila or II showed no sign of either gene re-
arrangement or hypermethylation. Northern-blot anal-
ysis revealed that both topo Ila and topo I mRNA
transcripts were essentially identical in the MKN and
MKN/ADR cells. In contrast, Western-blot analysis
revealed an approximately 20-fold lower level of topo
ITo in drug-resistant cells as compared with drug-sensi-
tive cells, whereas topo IIB levels were similar in both
lines. Moreover, the amount of in vivo topo [la-DNA
covalent complexes formed in the presence of etoposide
was also approximately 20-fold lower in drug-resistant
cells. No mutation was detected in the promoter region
of the topo ITa gene in resistant cells as compared with
sensitive cells. Thus, low levels of topo Ila polypeptide
cannot be ascribed to changes in the mRNA levels.
Collectively, the data suggest that a quantitative reduc-
tion in topo Ila may contribute to the resistance of
MKN cells to Adriamycin and other topo II-targeted
drugs.

Key words Topoisomerase II - Anticancer drug -
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Introduction

Eukaryotic DNA topoisomerases are nuclear enzymes
that function in almost all aspects of DNA metabolism,
including replication, transcription, recombination, re-
pair, and chromosomal condensation, by controlling the
topological state of DNA [27]. Type II DNA topo-
isomerases (topo II) are ATP-dependent enzymes that
catalyze DNA strand passage through transient double-
strand breaks in the DNA [20]. There are two isoforms
of human topo II that have been designated as topo Ila
and topo IIPB, which are encoded by genes located on
chromosomes 17 and 3, respectively [4, 24]. These iso-
forms exist as homodimers and their amino acid se-
quences show homology at regions believed to be
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functionally significant [4]. Topo Ila activity is thought
to be more sensitive to topo Il-active agents relative to
the topo IIf form [8]. Topo Ila and IIP isoforms,
however, differ in other key biochemical and biophysical
properties, suggesting that their roles in the cell may not
be the same [8]. The expression of topo Ila varies during
the cell cycle. It is low in quiescent cells but maximal in
the G2-M phase, whereas the level of topo IIf remains
constant throughout the cell cycle [28].

Clinically, these enzymes are the cellular targets of
important antitumor drugs that stabilize double-strand
breaks and topo II-DNA covalent complexes [13].
Many topo II poisons are DNA intercalators such as
Adriamycin, daunorubicin, ellipticine, and amsacrine
(m-AMSA), and few are nonintercalators such as
etoposide (VP-16) and teniposide (VM-26) [13]. In tu-
mor cells selected for resistance to topo Il-targeted
drugs, the most common mechanism of drug resistance
involves reduced formation of cleavable complexes due
to the expression of decreased amounts or activities of
topo Ila [16] or topo IIP [9]. Although the relationship
between the topo II level and drug sensitivity in tumor
cells expressing altered topo II has been described, many
questions about the role of topo II in the development of
multidrug resistance remain.

Adriamycin, an anthracycline antitumor agent, is
clinically active against a variety of human malignancies.
Several mechanisms have been proposed to explain the
antitumor activity of Adriamycin, including DNA
damage mediated by topo II [25], interaction with
membranes [26], and generation of oxygen free radicals
[21]. Previous studies with Adriamycin-resistant cells
have suggested that cellular resistance to Adriamycin is
correlated with quantitative and qualitative changes in
topo II enzyme activity [6, 14]. In the present study we
isolated an Adriamycin-resistant human stomach-ade-
nocarcinoma cell line (MKN/ADR) by exposure to in-
creasing amounts of the drug. The sensitivity of the
MKN cells and the MKN/ADR cells to various anti-
tumor agents was correlated with their levels of expres-
sion of the two isoforms, topo Ila and topo IIp.

Materials and methods

Cell lines

The MKN-45 human stomach-adenocarcinoma cell line was kindly
provided by Dr. N. Saijo (National Cancer Center Research In-
stitute, Tokyo, Japan). Cells were propagated in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml), and streptomycin (100 pg/ml) at 37 °C in a balanced
air humidified incubator with an atmosphere containing 5% CO,.

Establishment of an Adriamycin-resistant cell line

An Adriamycin-resistant subline was derived by continuous expo-
sure of MKN-45 cells to Adriamycin (Sigma) at concentrations
starting at 0.01 pg/ml and increasing in a stepwise manner to
0.6 pg/ml. Cell lines capable of sustained growth in medium con-
taining Adriamycin were considered to be resistant after 3 months.

The Adriamycin-resistant subline is referred to as MKN/ADR
hereafter. MKN/ADR cells were challenged monthly with Adria-
mycin at 0.6 pg/ml and, after their maintenance in drug-free me-
dium for 2-3 weeks, experiments with the resistant cells were
performed. Cell viability was determined by trypan blue exclusion
test.

Drug-sensitivity assay

The drug-sensitivity test was performed by the microculture tetra-
zolium (MTT) assay as previously described [1]. Cells were seeded
at a density of 5 x 10 cells in a 96-well plate, which gave an optical
density value in the range of 0.8-1.2 at 540 nm. Cells were treated
with various concentrations of drugs and incubated for 4 days in
the humidified CO, incubator. Each experiment was performed in
triplicate. ICsy was defined as a 50% reduction in optical density.

Measurement of plating efficiency and doubling time

Soft agar colony-formation assays were performed as previously
described [12]. Single-cell suspensions were diluted with RPMI-FBS
containing 0.3% agar (cell density 1 x 10° cells/ml), and 1 ml of
this mixture was overlayed onto the underlayer, which was pre-
pared in a six-well plate with 0.5% agar in enriched McCoy’s 5A
medium (Gibco/BRL). Enriched McCoy’s SA medium consisted of
40 ml heat-inactivated FBS, 20 ml heat-inactivated horse serum,
4 ml 2.2% sodium pyruvate, 4 ml 200 mM glutamine, 0.8 ml 2.1%
serine, and 4 ml penicillin (100 U/ml) and streptomycin (100 pg/ml)
mixed with 400 ml McCoy’s 5SA medium. The cultures were incu-
bated for 14 days. Colonies bigger than 60 um in diameter were
counted by Artek counter Model 880 (IPI International Inc., Vir-
ginia). Each experiment was performed in triplicate. For the mea-
surement of doubling time, cells were seeded at three different
concentrations (between 1 x 10% and 1 x 10° cells/ml) and viable
cell numbers were counted by trypan blue exclusion test. The
doubling time was calculated from the growth curve.

Preparation of cellular and nuclear extracts

Cells were extracted as previously described [6]. In brief, ex-
ponentially growing cells (2.5 x 10° cells/ml) were harvested by
centrifugation and washed three times with ice-cold phosphate-
buffered saline (PBS). Cell pellets were resuspended in extraction
buffer A [10 mM TRIS-HCI (pH 7.5), 25 mM KCl, 1 mM di-
thiothreitol, 1 mM phenylmethylsulfonyl fluoride (PMSF)] at 4 °C
for 15 min, followed by vigorous pipetting at least 40 times with a
Gilson P200 pipetman. The solution was then adjusted to 0.5 M
NaCl by the addition of an equal volume of extraction buffer B
[S0 mM TRIS-HCI (pH 7.5), 1 mM ethylenediaminetetraacetic
acid (EDTA), 1 M NaCl, 1 mM dithiothreitol, 1 mM PMSF] and
gently stirred. After extraction for 2 h on ice, the mixture was
centrifuged at 16 000 g for 20 min at 4 °C. The supernatant was
saved for Western-blot analysis of gluthathione-S-transferase
(GST)-m and GST-L and for measurement of superoxide dismutase
(SOD) activity.

For the preparation of nuclear extracts, exponentially growing
cells (2.5 x 10° cells/ml) were pelleted and washed three times with
ice-cold PBS. The cell pellets were resuspended in 1 ml nucleus
buffer [150 mM NaCl, 1 mM KH,POy; 5 mM MgCl,; 1 mM eth-
yleneglycol  bis(B-aminoethylether)-N,N,N’,N’-tetraacetic ~ acid,;
0.2 mM dithiothreitol, 1 mM PMSF (pH 6.4)] on ice and then
mixed with an additional 9 ml nucleus buffer containing 0.3%
Triton X-100. The suspension was gently mixed by rotation for
10 min at 4 °C and centrifuged at 2000 g for 10 min at 4 °C. The
nuclear pellet was washed once with Triton-free nucleus buffer, and
nuclei were extracted in nucleus buffer containing 0.5 M NaCl for
30 min on ice. The mixture was then centrifuged at 16 000 g for
20 min at 4 °C and the supernatant was saved for measurement of
topo I and topo II enzyme activities. Protein concentrations were



determined by the Bio-Rad protein assay (Bio-Rad, Richmond,
Calif.). The extracts were aliquoted and stored at —80 °C.

Topo I and topo II catalytic activity assay

Topo I activity was assayed by relaxation of supercoiled pBS DNA.
The reactions were initiated by the addition of varying amounts of
nuclear extracts to supercoiled DNA (0.2 pg) in a standard reaction
mixture [50 mM TRIS-HCl (pH 7.5), 1 mM EDTA, 100 mM
NaCl] for 30 min at 37 °C. Reactions were stopped by the addition
of 0.1 vol. 10% sodium dodecyl sulfate (SDS). The DNA samples
were then analyzed on a 1.2% native agarose gel. Topo 1I catalytic
activity was assayed by the ATP-dependent decatination of kine-
toplast DNA [3]. The standard reaction mixture for the decatena-
tion assay contained 0.2 ug kDNA, 50 mM TRIS-HCI (pH 7.5),
120 mM KCIl, 10 mM MgCl,, 0.5 mM dithiothreitol, 0.5 mM
ATP, and 30 pg bovine serum albumin (BSA) per ml. The reactions
were incubated for 15 min at 37 °C and terminated with 0.1 vol.
stop buffer (5% Sarkosyl, 0.025% bromophenol blue, 50% glyc-
erol). To quantify the amount of decatenated DNA, photographic
negatives of the ethidium-bromide-stained agarose gels were den-
sitometrically scanned.

Immunoblots of topo Ila and IIB protein

Cellular extracts from MKN and MKN/ADR cells were electro-
phoresed on 7% polyacrylamide gels and electroblotted onto Hy-
bond-ECL membranes (Amersham). Topo Ilo was detected with
rabbit antibody raised against a synthetic peptide derived from the
carboxyl terminal region of human topo Ila (TopoGEN, Colum-
bus, Ohio). Topo II was detected with affinity-purified rabbit
antisera raised against a synthetic peptide corresponding to a un-
ique region of the topo IIf isoform (kindly provided by Dr. A.
Kikuchi, Mitsubishi Kasei Institute of Life Science, Tokyo, Japan).
The immunoblot signals were visualized by enhanced chemilumi-
nescence (Amersham). The resulting X-ray films were scanned by
densitometry to estimate the relative levels of topo Ilo and IIB
protein present in each cell line (Biomed Instrument, Inc.). Im-
munoblots were carried out on three independent cellular extracts.

Detection and isolation of topo II-DNA complexes in vivo

Topoisomerase II-DNA covalent complexes were trapped as pre-
viously described [18]. In brief, MKN and MKN/ADR cells were
left untreated or were treated with etoposide (100 pi ) for 30 min
at 37 °C in serum-free RPMI medium (1 x 107 cells/ml). The me-
dium was then removed and cells were directly lysed by the addi-
tion of lysis solution to give a final concentration of 1% Sarkosyl
(in 10 mM TRIS-HCI, 1 mM EDTA). The lysates were overlayed
onto CsCl step gradients and centrifuged at 30 000 rpm for 24 h at
20 °C with an SW40 rotor as described elsewhere [18]. Fractions
(1 ml each) were collected from the bottom and the DNA peak was
localized by measurement of the absorbance at 260 nm. Each
fraction (50 pl) was mixed with 0.4 ml 25 mM sodium phosphate
buffer (pH 6.5) and applied to a Hybond-ECL membrane (Amer-
sham) in a slot-blot manifold. Each sample well was washed with
0.4 ml 25 mM sodium phosphate buffer (pH 6.5), after which the
filter was air-dried. The membranes were incubated with affinity-
purified antibody specific for the topo Ila or topo IIf isoform as
described above.

Northern-blot analyses of topo Ila and IIf mRNA

Total RNA was isolated from exponentially growing MKN and
MKN/ADR cells using Tri reagent (Molecular Research Center).
RNA samples (10 pg/lane) were separated on 1% formaldehyde-
agarose gel and vacuum-transferred to Hybond N membranes
(Amersham) with 20 x SSC (150 mM NaCl, 15 mM sodium ci-
trate, pH 7.0). After fixation of RNA to membranes by alkaline
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treatment, the membranes were prehybridized at 65 °C in hybrid-
ization buffer [2 x SSPE, 7% SDS, 10% polyethylene glycol
(PEG), 100 pg denatured herring-sperm DNA/ml]. Topo Ila
mRNA and topo IIf mRNA were detected with cloned topo Ila
cDNA (3.03-kb EcoRI fragment) and topo IIf cDNA (1.8-kb
EcoRI-Pstl fragment), respectively. All cDNA probes were labeled
with [o->?P]-deoxycytidine triphosphate ([o->?P]-dCTP, Amersham)
to a specific activity of 1 x 10® cpm/pg using a random-primer
DNA labeling system (Amersham). Blots were hybridized with the
individual probes at 65 °C for 12-18 h. Blots were washed twice
with 2 x SSC/0.1% SDS for 15 min, twice with 1 x SSC/0.1% SDS
for 15 min, and once with 0.1 x SSC/0.1% SDS for 30 min. The
relative intensities of the bands were determined by videodensi-
tometry (Biomed Instrument, Inc.).

Results
Sensitivity to various chemotherapeutic agents

The sensitivity of the two cell lines (MKN and MKN/
ADR) to different chemotherapeutic agents is shown in
Table 1. A higher level of resistance in MKN/ADR cells
was observed for the topo Il-targeted drugs, i.e., Adri-
amycin (11-fold), mitoxantrone (11-fold), and VP-16
(3-fold). Such large differences in sensitivity between the
two cell lines were not observed for the agents whose
mechanism of action does not directly involve topo II.

Cell growth rates

Since the sensitivity to topo II-targeted drugs could be
influenced by differences in the growth rate, we deter-
mined the doubling times for the MKN and the MKN/
ADR cell lines. The doubling time of the MKN/ADR
cell line (2.1 days) was only slightly different from that of
the MKN line (1.7 days; Table 2). We also measured the
plating efficiency for both cell lines (see Materials
and methods). The MKN/ADR cell line displayed no

Table 1 ICs, values and relative resistance to various chemother-
apeutic agents as determined in the MKN cell line and the MKN/
ADR subline (MKN Human stomach-adenocarcinoma cell line,
MKN/ADR Adriamycin-resistant cell line, CDDP cisplatin,
CBDCA carboplatin, ADR Adriamycin, THP THP-Adriamycin,
MMC mitomycin C, 5-FU 5-fluorouracil, VP-16 etoposide, Mi-
toxan mitoxantrone)

Drugs 1Cso (png/ml)* RR®
MKN MKN/ADR
CDDP 0.813 + 0.273 0.287 + 0.124 0.32
CBDCA 8.833 + 2.597 9.533 + 3.689 1.08
ADR 0.130 = 0.021 1.413 + 0.195 10.87
THP 0.136 = 0.078 0.065 = 0.006 0.48
MMC 0.024 = 0.004 0.021 + 0.003 0.87
5-FU 0.332 + 0.082 0.410 = 0.159 1.23
VP-16 8.666 + 2.392 27.833 £ 0.850 3.21
Mitoxan 0.008 + 0.000 0.085 + 0.088 10.58

#1Cso values were evaluated by MTT assay, and results are pre-
sented as mean values = SD for 3 independent experiments
®Relative resistance: ICsy of MKN/ADR/ICs, of MKN-45
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Table 2 Plating efficiency ob-

tained with 14-day incubation Cell lines Number of cells Number of colonies Plating . Doubling
) 2 . 0 ;
and doubling time as de- plated formed efficiency (%) time (days)
termined in the MKN cell line 3
. MKN 1x10 87 + 2.7 8.7 1.7
and the MKN/ADR subline MKN/ADR 1% 10° 141 = 6.0 14.1 2.1

4 Mean value = SD for numbers of colonies formed (n = 3)
® Plating efficiency (%): number of colonies formed/number of cells plated x 100

significant difference in plating efficiency as compared
with the parental MKN line (Table 2).

Expression of drug-resistance-related genes

Multidrug resistance (MDR) may be caused by de-
creased drug accumulation mediated by the mdr-1 gene-
encoded P-glycoprotein, which is responsible for drug
efflux [17]. However, the cross-resistance pattern of the
MKN/ADR cell line (Table 1) does not fit that of a
typical MDR phenotype. To obtain direct evidence that
the MDR phenotype was not expressed in the MKN/
ADR cell line, we analyzed P-glycoprotein expression in
both cell lines. For the analysis of MDR-1, cells were
labeled with [*°S]-methionine at 50 pCi/ml for 16 h. The
membrane proteins were then incubated with the anti-
body to MDR-1 (Centocor, Malvern, Pa.), immuno-
precipitated with protein A Sepharose 4B, and resolved
by 8% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). As shown in Fig. 1A, there
was no evidence of induction of P-glycoprotein in the
MKN/ADR cell line. Furthermore, for investigation as
to whether the expression of other drug-resistance-
related proteins might be induced during the develop-
ment of Adriamycin resistance in MKN/ADR cells,
expression levels of GST-m (Fig. 1B) and GST-L
(Fig. 1C) were examined by immunoblot analysis and
SOD activity was measured (data not shown) [29].
However, no difference in these proteins was detected
between MKN and MKN/ADR cells.

Q.
& 4
& &
170 kDa
| (Poe-170) | 27kDa
" (GST-L)

Fig. 1 Immunoprecipitation of MDR-1 and immunoblot analysis
of GST-n and GST in MKN and MKN/ADR cells. A For the
analysis of MDR-1 the membrane proteins were incubated with the
antibody to MDR-1 and precipitated with protein A Sepharose 4B.
For the analysis of B GST-n and C GST-L the cellular extracts were
resolved by 10% SDS-PAGE, transferred to the nitrocellulose
membrane, and detected with their specific polyclonal antibodies.
Estimated molecular weights of MDR-1, GST-n, and GST-L are
denoted in kDa

Topo I and topo II catalytic activity

Prominent resistance of MKN/ADR cells to topo II-
targeted drugs suggested an alteration in topo II activity
in resistant cells. We therefore assayed topo II activity in
nuclear extracts of the MKN and MKN/ADR cells by
the decatenation of kDNA. Topo II decatenation ac-
tivity (per identical amounts of nuclear extract proteins)
was approximately 3-fold lower in MKN/ADR extracts
as compared with MKN extracts as determined by
comparison of the banding intensities of the minicircles
in several dilutions (Fig. 2). To determine if the reduced
topo II activity in MKN/ADR cells reflected a general-
ized phenomenon of altered gene expression following
cellular drug exposure, we compared the catalytic ac-
tivity of the related nuclear enzyme DNA topo I in the
drug-sensitive and drug-resistant cell types. Topo I ac-
tivity was measured by the relaxation of the supercoiled
plasmid in the absence of ATP. As can be seen in Fig. 3,
topo I catalytic activities were equivalent in the MKN
and MKN/ADR cells.

Topo Ila and TIB protein levels
Reduced topo II levels could explain the observed Ad-

riamycin resistance [6]; thus, we determined immunore-
active topo II levels in cellular extracts of log-phase

MKN MKN/ADR
nuclear ;i A "
extract : LB I3 K
6 7 89 1
__ catenated
kDNA
lin — —o°
— rel

Fig. 2 Topo II activity detected in nuclear extracts from MKN and
MKN/ADR cells. Topo II activity in nuclear extracts from MKN
(lanes 4-7) and MKN/ADR cells (lanes 8—11) was measured by the
decatenation assay of kDNA as described in Materials and
methods. Reaction mixtures were incubated in the presence of
various dilutions of nuclear extracts as shown. The extract protein
amounts added from two cell lines are presented (Lane I Xho I-
digested linear KkDNA, lane 2 decatenated KDNA, lane 3 catenated
kDNA, oc nicked minicircles, re/ relaxed minicircles)
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Fig. 3 Topo I activity detected in nuclear extracts from MKN and
MKN/ADR cells. Topo I activity assays were performed by
relaxation of supercoiled pBS as described in Materials and
methods. Reaction mixtures were incubated in the presence of
various dilutions of nuclear extracts from MKN (lanes 3-7) or
MKN/ADR cells (lanes 8~12). The extract protein amounts added
from two cell lines are presented (Lane 1 Supercoiled DNA only,
lane 2 relaxed DNA, rel relaxed plasmid, sc supercoiled DNA)

MKN and MKN/ADR cells in three independent ex-
periments (Fig. 4). The relative polypeptide levels of
topo Ila or IIf were measured by quantitation of
banding intensities detected with affinity-purified anti-
bodies specific for each isoform on Western blots.
Densitometric analysis of the autoradiographs revealed
that topo Ila polypeptide levels in MKN/ADR cells
were approximately 20-fold lower in the Adriamycin-
resistant MKN/ADR cells than in the parental MKN
cells (Fig. 4B). In contrast, topo IIf levels were the same
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< OQO QQ- & &
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\4l & \4 \8§ &
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==
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Fig. 4A-D Western-blot analysis of topo Ila and IIf in cellular
extracts of MKN and MKN/ADR cells. The same amounts of
cellular extracts from MKN and MKN/ADR cells (120 pg/lane)
were separated on 7% SDS-PAGE and transferred onto Hybond-
ECL membranes. The blots were incubated with topo II isoform-
specific antibodies. A Coomassie staining of cellular extracts
separated by SDS-PAGE. B Topo Ila was detected with affinity
purified rabbit anti-topo Ila-specific antibody, which recognizes the
M, 170 000 form of the topo II enzyme. C Topo IIf} was detected
with topo IIB-specific monoclonal antibody, which is specific for the
M, 180 000 enzyme form. D Topo I was detected with rabbit anti-
topo I antibody
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in these two cell lines (Fig. 4C). Additionally, topo I
levels were identical in both lines (Fig. 4D).

Formation of topo II-DNA cleavable complexes in
MKN and MKN/ADR cells

To examine whether the reduced levels of topo Ila in
resistant cells were proportional to the formation of
in vivo topo Ila-DNA cleavable complexes, the cleav-
able complex formation in vivo in MKN and MKN/
ADR cells was measured using the in vivo complexes of
Enzyme (ICE) bioassay [18]. Topo II engages DNA in a
cycle of single- and double-strand DNA breaks followed
by rapid religation [19]. In the presence of topo II poi-
sons such as etoposide a covalent topo II/DNA complex
can be stabilized and trapped upon the addition of
protein denaturants [13, 19]. Genomic DNA was puri-
fied using a preparative-step CsCl from cells that were
left untreated or treated with etoposide. Gradient frac-
tions were probed with antibodies to topo Ila or topo
1B to determine the association with genomic DNA. As
shown in Fig. 5, both isoforms were detected in the
DNA peak fractions of cells treated with etoposide.
Quantitation of the slot-blot signal with topo Ila-specific
antibody revealed that cleavable complexes between
endogenous topo Ila and DNA were formed at ap-
proximately 20-fold lower levels in the drug-resistant
MKN/ADR cells as compared with the parental MKN
cells (Fig. 5A). In contrast, endogenous topo IIf was
shown to form nearly identical amounts of cleavable
complexes in the two cell lines (Fig. 5B). These results

A B
no drug etoposide no drug etoposide
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—_ —_— -— — — —_— —_ -— free
—_ — — - 10| — — — - proteins
i .8
6
] 4 = = [ Jtopon-ona
- —_ i | Jcomplexes
2
|

Fig. 5A,B Formation of endogenous topo II-DNA cleavable
complexes. MKN (lanes 1, 3) and MKN/ADR cells (lanes 2, 4)
were treated with 100 pM etoposide for 30 min and lysed with 1%
Sarkosyl. Lysates were directly loaded onto a CsCl step gradient as
described in Materials and methods. The gradient fractions were
analyzed by immunoblotting with anti-topo Ila (A) or IIf antibody
(B). (Lanes 1, 2 no drug, lanes 3, 4 treatment with 100 pM
etoposide for 30 min followed by direct lysis in Sarkosyl)
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indicate that the reduced level of topo Ila directly cor-
relates with a reduction in in vivo drug-induced cleav-
able complex formation in the drug-resistant MKN/
ADR cells.

Cloning and characterization of the topo Ila
promoter region

To examine the possibility that changes in the cis-acting
element in the topo Ila promoter might confer the
transcriptional repression, we cloned and sequenced the
promoter region of the topo Ila gene between —553 and
+94 from the transcription start site in both cell lines.
We did not detect any mutation in the promoter region
of the topo Ila gene in the resistant cell line as compared
with the sensitive cell line. The promoter sequences we
determined were shown to be exactly the same with the
previously reported human topo Ila promoter [11].

Topo Il and 11 mRNA levels

As reduced transcription or processing levels could be
responsible for the observed reduction in topo II protein
expression [9], we determined stable topo Iloe and IIB
mRNA levels in the drug-sensitive and drug-resistant
cell lines using isoform-specific cDNA probes. The ra-

. aw —topollip

28S -
18S —

Fig. 6A,B Northern-blot analysis of topo Ila and IIB expression in
MKN and MKN/ADR cells. A Total RNA (10 pg/lane) was
prepared from MKN and MKN/ADR cells, electrophoresed
through 1% formaldehyde/agarose gels, and blotted onto Hybond
N* membranes. The blot was probed with 3*P-labeled cDNA
specific for topo Ila (lanes 1, 2) or topo 11B (lanes 3, 4) B Ethidium
bromide staining of agarose gel. The amount of RNA in each lane
was monitored using 28S and 18S rRNA

diolabeled topo IIoo cDNA (3.03-kb EcoRI fragment)
hybridized with a ~6.3-kb mRNA in both cell lines, and
levels of the RNA transcript detected in MKN/ADR
cells were nearly identical to those found in the parental
MKN cells (Fig. 6A). The radiolabeled topo IIf cDNA
(1.8-kb EcoRI-Pstl fragment) also hybridized with a
prominent ~6.3-kb transcript in both cell lines. There
was no significant difference in the amount of topo 11
transcript from the MKN and MKN/ADR cells
(Fig. 6A). Ethidium bromide staining of the gel was used
to compensate for sample loading (Fig. 6B).

Discussion

In many Adriamycin-resistant cell lines the cellular
content of topo II appears to be a major determinant of
the sensitivity to topo II-targeted agents [6]. MKN/ADR
cells were also cross-resistant to mitoxantrone and
VP-16, although relative levels of resistance were dif-
ferent (Table 1). Some mammalian cell lines displaying
relatively specific resistance to topo Il-targeted drugs
have been described that appear to be resistant primarily
due to a decrease in topo II levels [10]. Overall, the data
suggest that the amounts of topo II protein present
correlate closely with drug sensitivity. In other resistant
cell lines the amount of immunoreactive topo Il protein
remains unchanged, but point mutations in the putative
ATP-binding region and the active-site tyrosine region
of topo II have been detected [5].

In this work we isolated an Adriamycin-resistant cell
subline, MKN/ADR, from a human stomach-adeno-
carcinoma cell line by stepwise selection of the parental
MKN cell line. Since P-glycoprotein overexpression was
not detected in drug-resistant cells (Fig. 1), resistance to
Adriamycin in MKN/ADR cannot be ascribed to
MDR. This idea is further supported by the observation
that the cross-resistance pattern of MKN/ADR cells was
not similar to that expected for MDR as shown in
Table 1. Adriamycin can also influence free radical
formation [15]. Indeed, evidence has been presented that
describes differential formation of hydroxyl radical for-
mation by Adriamycin in sensitive and resistant MCF-7
human breast tumor cells [21]; however, we found no
induction of a key enzyme related to free radical de-
toxification in MKN/ADR cells.

The topo I and topo II catalytic activities were
measured in nuclear extracts. Total topo II catalytic
activity was reduced 3-fold in the drug-resistant cell line
as measured by the decatenation of kDNA (Fig. 2),
whereas topo I catalytic activity was almost identical in
extracts from both sensitive and resistant cells (Fig. 3).
The differences in topo II catalytic activity were not
influenced by a difference in growth rate or a decrease in
topo II activities in nuclear extracts from MKN/ADR
cells, because the doubling time of the MKN/ADR cell
line (2.1 days) was only slightly increased relative to that
of the MKN cell line (1.7 days; Table 2). Resistance to
Adriamycin is specifically associated with altered



expression of the topo Ila isozyme form. Topo Ila
polypeptide levels were approximately 20-fold lower in
Adriamycin-resistant MKN/ADR cells as compared
with parental MKN cells as measured by Western
blotting (Fig. 4). In contrast, topo IIf protein levels
were the same in the two lines. A quantitative ICE
bioassay allowed us to compare in vivo topo II-DNA
covalent complexes in the two cell lines [18]. In vivo
covalent complexes are readily detected in the presence
of etoposide, and formation of complexes relates directly
to the amount of genomic DNA damaged by endoge-
nous topo II. The results revealed that the level of active
topo Ila was reduced approximately 20-fold in the re-
sistant cells, whereas the level of topo IIB remained
unchanged (Fig. 5).

Since the rearrangement and hypermethylation of the
topo Ilo gene may be associated with reduced topo II
enzyme expression in cells selected for resistance to
topo Il-targeted drugs [2, 14, 23], we evaluated chro-
mosomal rearrangement and CpG methylation for topo
IT genes in the drug-sensitive and drug-resistant cell
lines. The Southern-blotting data indicate that the re-
duced levels of topo Ila protein in the drug-resistant
cells appear to be unrelated to chromosomal rear-
rangement or hypermethylation of the topo Ila gene
(data not shown). In addition, Northern blots showed
that stable mRNA levels (and sizes) were nearly identical
in the sensitive and resistant cell lines (Fig. 6). Since the
expression of mRNA was similar, it was not surprising
that the topo Ila promoter elements in the parent and
resistant lines were identical.

The discovery that topo Ila polypeptide levels are
lower in MKN/ADR cells as compared with the pa-
rental line is consistent with the finding that total en-
zyme activity is reduced 3-fold in the resistant line.
However, we noted a nearly 20-fold difference in poly-
peptide levels between these two lines. There are several
possible interpretations of this finding. First, decatena-
tion assays cannot distinguish between topo Ilo and
topo IIB; therefore, both isoforms of topo II are being
measured. This alone may explain the difference. In this
case, the beta isoform may provide compensatory ac-
tivity that we would expect to see as extractable decat-
enation activity. Moreover, the in vivo topo Ila action
on the genome was also reduced by 20-fold (as measured
by the ICE bioassay). It therefore appears that the en-
dogenous cleavage and religation activity of the topo Ila
isozyme is reduced to a level that is commensurate with
the polypeptide levels (as measured by Western blot-
ting). It is also possible that topo II in resistant lines may
be posttranslationally modified such that even very low
levels of the alpha isoform may be sufficient to provide
essential activity [22]. For example, phosphorylation has
been reported to activate topo II activity [7]. Thus, we
cannot conclude that resistant lines rely on the beta
isoform for complementation. Other possibilities exist,
such as reduced translational efficiency of the message
and/or an increase in ubiquitination, leading to more
rapid degradation of the topo Ila polypeptide. Changes
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in translational efficiency or in topo Ila stability could
be caused by point mutation(s); however, we have not
yet sequenced the mutant gene in its entirety. These and
additional studies will be required to resolve the basis for
the Adriamycin resistance in this particular case.

Acknowledgements We thank Drs. T. H. Lee and J. R. Spitzner for
critical comments on the work. This work was supported in part by
research grants from Bioproducts Research Center of Yonsei
University (project 95-K1-04 01-03-05-3) and Korea Science and
Engineering Foundation (project 961-0503-029-2) to I1.K.C. and by
NIH grants (2P30CA 16058, UO1-CA63185, and RO1 CA63653) to
M.T.M.

References

1. Carmichael J, Mitchell JG, DeGraff WG, Gamson J, Gazdar
AF, Johnson BE, Glatstein E, Minna JD (1985) Chemosensi-
tivity testing of human lung cancer cell lines using the MTT
assay. Br J Cancer 57: 540

2. Chandler LA, DeClerck YA, Bogenmann E, Jones PA (1986)
Patterns of DNA methylation and gene expression in human
tumor cell lines. Cancer Res 46: 2944

3. Chung IK, Muller MT (1991) Aggregates of oligo(dG) bind
and inhibit topoisomerase II activity and induce formation of
large networks. J Biol Chem 266: 9508

4. Chung TDY, Drake FH, Tan KB, Per SR, Crooke ST, Mira-
belli CK (1989) Characterization and immunochemical identi-
fication of cDNA clones encoding two human DNA
topoisomerase II isozymes. Proc Natl Acad Sci USA 86: 9431

5. Danks MK, Warmoth MR, Friche E, Granzen B, Bugg BY,
Harker WG, Zwelling LA, Futscher BW, Suttle DP, Beck WT
(1993) Single-strand conformational polymorphism analysis of
the Mr 170 000 isozyme of DNA topoisomerase II in human
tumor cells. Cancer Res 53: 1373

6. De Jong S, Zijlstra JG, Vies EGE de, Mulder NH (1990) Re-
duced DNA topoisomerase II activity and drug-induced DNA
cleavage activity in an adriamycin-resistant human small cell
lung carcinoma cell line. Cancer Res 50: 304

7. DeVore RF, Corbett AH, Osheroff N (1992) Phosphorylation
of topoisomerase II by casein kinase II and protein kinase C:
effects on enzyme-mediated DNA cleavage/religation and sen-
sitivity to the antineoplastic drugs etoposide and 4'-(9-acridinyl-
amino)methane-sulfon-m-ansidide. Cancer Res 52: 2156

8. Drake FH, Hofmann GA, Bartus HF, Mattern MR, Crooke
ST, Mirbelli CK (1989) Biochemical and pharmacological
properties of p170 and p180 forms of topoisomerase II. Bio-
chemistry 28: 8154

9. Evans CD, Mirski SEL, Danks MK, Cole SPC (1994) Reduced
levels of topoisomerase Ila and IIf in a multidrug-resistant
lung-cancer cell line. Cancer Chemother Pharmacol 34: 242

10. Giaccone G, Gazdar AF, Beck H, Zunino F, Capranico G
(1992) Multidrug sensitivity phenotype of human lung cancer
cells associated with topoisomerase II expression. Cancer Res
52: 1666

11. Hochhauser D, Stanway CA, Harris AL, Hickson ID (1992)
Cloning and characterization of the 5-flanking region of the
human topoisomerase Ila gene. J Biol Chem 267: 18961

12. Hong WS, Saijo N, Yasutsuna S, Minato K, Nakano H,
Nakagawa K, Fujiwara Y, Nomura K, Twentyman PR (1988)
Establishment and characterization of cisplatin-resistant sub-
lines of human lung cancer cell lines. Int J Cancer 41: 462

13. Liu LF (1989) DNA topoisomerase poisons as antitumor drugs.
Annu Rev Biochem 58: 351

14. McPherson JP, Brown GA, Goldenberg GJ (1993) Character-
ization of a DNA topoisomerase Ila gene rearrangement in
adriamycin-resistant P388 leukemia: expression of a fusion
messenger RNA transcript encoding topoisomerase ot and the
retinoic acid receptor o locus. Cancer Res 53: 5885



360

15.

16.

17.

18.

19.

20.

21.

22.

Meijor C, Mulder NH, Timmer-Bosscha H, Zijlstra JG, Vries
EGE de (1987) Role of free radical in an adriamycin-resistant
human small cell lung cancer cell line. Cancer Res 47: 4613
Mirski SEL, Evans CD, Almquist KC, Slovak ML, Cole SPC
(1993) Altered topoisomerase Ila in a drug-resistant small cell
lung cancer cell line selected in VP-16. Cancer Res 53: 4866
Moscow JA, Cowan KH (1988) Multidrug resistance. J Natl
Cancer Inst 80: 14

Muller MT, Mehta VB (1988) DNase I hypersensitivity is in-
dependent of endogenous topoisomerase II activity during
chicken erythrocyte differentiation. Mol Cell Biol 8:3661
Muller MT, Spitzner JR, DiDonato JA, Mehta VB, Tsutsui K
(1988) Single-strand DNA cleavages by eukaryotic topoisom-
erase II. Biochemistry 27: 8369

Roca J, Wang JC (1994) DNA transport by a type II DNA
topoisomerase: evidence in favor of a two-gate mechanism. Cell
77: 609

Sinha BK, Mimnaugh EG, Rajagopalan S, Myers CE (1989)
Adriamycin activation and oxygen free radical formation in
human breast tumor cell: protective role of glutathione perox-
idase in adriamycin resistance. Cancer Res 49: 3844

Takano H, Kohno K, Ono M, Uchida Y, Kuwano M (1991)
Increased phosphorylation of DNA topoisomerase II in
etoposide resistant mutants of human cancer KB cells. Cancer
Res 51: 3947

23.

24.

25.

26.

217.

28.

29.

Tan KB, Mattern MR, Eng W-K, McCabe FL, Johnson RK
(1989) Nonproductive rearrangement of DNA topoisomerase |
and II genes: correlation with resistance to topoisomerase in-
hibitors. J Natl Cancer Inst 81: 1732

Tan KB, Dorman TE, Falls KM, Chung TDY, Mirabelli CK,
Crooke ST, Mao J-1 (1992) Topoisomerase Ilo. and topoisom-
erase IIP genes: characterization and mapping to human
chromosomes 17 and 3, respectively. Cancer Res 52: 231
Tewey KM, Rowe TC, Yang L, Halligan BD, Liu LF (1984)
Adriamycin-induced DNA damage mediated by mammalian
DNA topoisomerase 1I. Science 226: 466

Tritton TR (1991) Cell surface actions of adriamycin. Phar-
macol Ther 49: 293

Wang JC (1996) DNA topoisomerases. Annu Rev Biochem 65:
635

Woessner RD, Mattern MR, Mirabelli CK, Johnson RK,
Drake FH (1991) Proliferation and cell cycle-dependent dif-
ferences in expression of the 170 kilodalton and the 180 kilo-
dalton forms of DNA topoisomerase II in NIH-3T3 cells. Cell
Growth Differ 2: 209

YilJY, Son YS, Hur KC, Hong SI, Lee YS, Park SC, Hong WS
(1996) Bcl-2 and GST-n overexpression in H69/CDDP and
enhanced superoxide dismutase activity in PC9/CDDP and
PC14/CDDP may play roles in their cisplatin resistance. Mol
Cells 6: 444



